We present the GITEWS approach to source modeling for the tsunami early warning in Indonesia. Near-field tsunami implies special requirements to both warning time and details of source characterization. To meet these requirements, we employ geophysical and geological information to predefine a maximum number of rupture parameters. We discretize the tsunamigenic Sunda plate interface into an ordered grid of patches (150 × 25) and employ the concept of Green's functions for forward and inverse rupture modeling. Rupture Generator, a forward modeling tool, additionally employs different scaling laws and slip shape functions to construct physically reasonable source models using basic seismic information only (magnitude and epicenter location). GITEWS runs a library of semi-and fully-synthetic scenarios to be extensively employed by system testing as well as by warning center personnel teaching and training. Near realtime GPS observations are a very valuable complement to the local tsunami warning system. Their inversion provides quick (within a few minutes on an event) estimation of the earthquake magnitude, rupture position and, in case of sufficient station coverage, details of slip distribution.
Introduction
The GITEWS initiative (German Indonesian Tsunami Early Warning System) was a German response to the catastrophic December 2004 Indian ocean tsunami which devastated Indonesia and other countries across the Indian Ocean. It consists of a consortium of German partners leaded by the German Research Center for Geosciences (GFZ) in close cooperation with a number of research and governmental agencies in Indonesia (Rudloff et al., 2009 ).
Correspondence to: A. Y. Babeyko (babeyko@gfz-potsdam.de) Modern tsunami early warning systems strongly rely on tsunami modeling as an integral part of the system. The Decision Support System (DSS) collects all available sensor data, usually including seismic and ocean measurements (while GITEWS additionally employs near real-time GPS data, see Falck et al., 2010) , and then asks the modeling unit for the tsunami prediction based on the collected observations. To provide such a prediction, the modeling unit of the TEWS (Tsunami Early Warning System) essentially solves an inverse problem: given available, usually sparse, observations, find the best-fitting tsunami generation and propagation model or a model set. Such best-fit model(s) could be either fully precomputed like in the Japanese operational TEWS (Kamigaichi, 2009) and in GITEWS, or constructed on-a-fly from precomputed components like in the Pacific Tsunami Early Warning System Wei et al., 2008; Tang et al., 2009) . The derived best-fit model(s) is then believed to be an adequate representation of the actual tsunami phenomenon and could be in turn employed to provide qualified forecasting of expected tsunami arrival times and coastal runup. For detailed information on GITEWS Decision Support System and modeling unit (SIM) readers are referred to the papers of Steinmetz et al. (2010) and Behrens et al. (2010) , respectively.
In this scheme, quality of the warning, thus, depends on quality of real-time data as well as quality of modeling. In GITEWS, real time observations come from four main sensor types. Seismic processing of broadband station network with the original SeisComp3 software (Hanka et al., 2008) provides first information about the tsunamigenic source, namely, hypocenter and moment magnitude. Continuous near real-time GPS stations provide averaged surface displacements in two minutes intervals (Falck et al., 2010) . Together with seismic data, GPS-displacements allow for the direct inversion to get more detailed source parameters in a few minutes after the earthquake (Sobolev et al., 2006 (Sobolev et al., , 2007 Hoechner et al., 2008) . Later on, wave propagation Published by Copernicus Publications on behalf of the European Geosciences Union. (Boebel et al., 2010) with the GPS-equipped floating part (Schöene et al., 2008) . Finally, operational sensor subsystems are completed with a network of coastal tide gauges (Schöne et al., 2008) checking the incoming leading wave depression (which is a normal case for the Indian Ocean coast of Indonesia) and, thus, leaving another 5-15 min for the evacuation.
Tsunami modeling is usually separated into source modeling which provides initial conditions for tsunami and modeling of tsunami wave propagation. Within GITEWS, the operational wave propagation model TsunAWI was developed at the Alfred-Wegener-Institute (AWI), Bremerhaven (Harig et al., 2008) and also includes simulation of coastal inundation.
In the present paper we describe the source modeling approach implemented in GITEWS.
Although there are several sources of modeling uncertainty in the local tsunami early warning, the main uncertainty comes from the source. GITEWS is a near-field tsunami early warning system. Near-field TEWS have special requirements to the warning time and quality of the source characterization. Whereas a "classical" far-field tsunami early warning system like the Pacific Tsunami Warning Center operates with some hours of warning time, the warning time for Indonesia is generally shorter than 10 min -taking into account some 30 min of the tsunami travel time from source to the coast minus at least 15-20 min for evacuation (see also Lauterjung et al., 2010) .
A local TEWS also has special demands to the source parameters. Reliable tsunami forecasting for the far-field can be done with primary seismic parameters including magnitude, epicenter and directivity. Other rupture parameters like focal mechanism or depth are not so important (Okal, 1988) . Slip distribution is generally not important as well -an assumption of uniform slip and epicenter in the middle of the rupture works quite well. Directivity can be with reasonable accuracy estimated from the trench geometry.
In contrast, reliable near-field prediction requires a much more detailed source model -a point source assumption is far not enough, just because source dimensions become comparable to the tsunami travel distance to the coast. This means that exact position, dimension and orientation of the source become extremely important. This is even more truer if there are additional off-shore bathymetric features comparable or larger than a typical tsunami source. The Mentawai islands located some 200 km off-shore Sumatra exemplify such a pronounced bathymetric barrier which strongly affects tsunami generation and propagation in this region. See for example, Geist et al. (2006) .
The above is illustrated by simple scenarios shown in Fig. 1 . The two hypothetical scenarios with homogeneous slip distribution share the same epicenter, but have opposite rupture propagation directions. In the first model ( Fig. 1a ) rupture propagates northwards, similar to the December 2004 Great Andaman earthquake, while in the second model ( Fig. 1b ) -in the opposite direction. All other rupture parameters are the same. These two scenarios are effectively indistinguishable according to the primary seismic information available to the warning center within the first minutes after an event, i.e., epicenter and magnitude. Nevertheless, resulting tsunami impacts at the Sumatran coast are very different for the two cases. While the north-propagating rupture poses no threat to the city of Bengkulu, the southpropagating rupture would cause a major tsunami ( Fig. 1c ). Such extreme difference is a typical characteristic of local, near-field tsunamis.
The above scenarios with one-side rupture propagation do not seem unrealistic -compare them with rupture propagation of the 2004 Great Sumatra-Andaman earthquake (Lay et al., 2005; Ishii et al., 2005; Krueger and Ohrnberger, 2005; Subarya et al., 2006) .
Source models shown in Fig. 1a , b assume simplified homogeneous slip distributions. This is usually not the case. Especially for large tsunamigenic earthquakes, slip distribution is often heterogeneous with regions of largest slip, and hence, largest initial tsunami wave height, not coinciding with the epicenter. Recent tsunamigenic earthquakes at the Sunda arc clearly illustrate this observation. E.g., the great December 2004 Sumatra-Andaman M w = 9.3 earthquake , later July 2006 West Java M w = 7.8 earthquake (Fujii and Satake, 2006) , September 2007 Bengkulu M w = 8.4 event (Lorito et al., 2008) . Geist and Dmowska (1999) and Geist (2002) clearly demonstrated the importance of non-homogeneous slip distribution in case of local tsunamis. Stability of the initial wave front almost directly translates all initial local wave peaks and troughs to the nearby coast.
Thus, summarizing, reliable local tsunami early warning requires much more information about the source than epicenter and magnitude. Ideally, it requires a finite fault model some 5-10 min after the event. It is still not reachable with present (Ji et al., 2002) or novell (Krueger and Ohrnberger, 2005) seismological techniques based on teleseismic inversions. Long travel times of more than 15 min restrict their application for near-field tsunami early warning.
Alternatively, in the course of the GITEWS project, our group proposed to use near real-time GPS-arrays to get very fast information about finite fault parameters (Sobolev et al., 2006 (Sobolev et al., , 2007 and presented the concept of "GPS-Shield" for Indonesia. This concept could be extended world-wide, to many other tsunamigenic active margins where the land is located above or close to seismogenic zones.
Potential usability of GPS observations for near-field tsunami early warning is illustrated in Fig. 1d . A hypothetical coastal network of GPS stations would be able to perfectly discriminate between the two rupture scenarios. Note how prominent is the difference in fingerprints of GPS-signals issued by the "northern" (blue) vs. "southern" (red) rupture. Static displacements take some 2-5 min after an event to establish (Sobolev et al., 2007; Falck et al., 2010) which makes near real-time GPS a very valuable component of the tsunami early warning system. That is why the source modeling in GITEWS relies not only on seismic information but on near real-time GPS data as well.
The following section shortly presents the concept of source modeling in GITEWS. After that, in Sect. 3, we describe Rupture Generator (RuptGen) -a tool for source forward modeling, followed by some applications (Sect. 4). Finally, Sect. 5 discusses our approach to source inversion using GPS observations.
Concept of source modeling
The GITEWS approach to source modeling targets two main goals. First, it should be able to provide a reasonable source model based on very limited seismic information available just few minutes after the earthquake, namely -data on epicenter and magnitude. Second, in the case when near realtime GPS data are available, the model should be able to pro-vide their inversion into slip distribution in order to provide a more realistic finite fault model.
As noted before, GITEWS should be able to provide tsunami early warning already 5-10 min after an earthquake. To this time, only basic seismic information is available which includes position of the epicenter and magnitude (Hanka et al., 2008) . On the other hand, even simple physical rupture model, represented by the classical Okada's (1985) rectangular fault, requires knowledge of a number of parameters including rupture length and width, depth, strike-, dipand rake-angles as well as amount of co-seismic slip. Our idea is to utilize as much as possible a priori geological and geophysical information in order to pre-constrain maximum possible number of fault parameters. In particular, strike and dip angles of interplate earthquakes can be postulated from the known 3-D geometry of the plate interface. The same is true for the depth. Instead of accepting the reported hypocenter depth which can be very inaccurate, we calculate the focal depth by projecting the earthquake epicenter onto the 3-D plate interface surface.
A. Y. Babeyko et al.: Source modeling and inversion with near real-time GPS After fixing these parameters, remaining rupture dimensions and amount of co-seismic slip can be estimated in realtime with the help of scaling laws.
In the case when near real-time GPS data are available additionally to seismic, our source model should be able to provide their effective inversion into a more reliable rupture model. Sobolev et al. (2006 Sobolev et al. ( , 2007 demonstrated that near real-time coastal GPS arrays may be effectively employed for direct slip inversion in just a few minutes on an event. To facilitate inversion, it is better to keep it linear. Surface deformation linearly depends on the amount of slip and nonlinearly on other rupture parameters (Okada, 1985) . That means that GPS displacements could be effectively inverted into amount of slip. All other rupture parameters whose relation to surface displacements is non-linear, should be predefined before the inversion.
To meet the above requirements we discretize the 3-D subduction plate interface into numerous individual patches with dip-and strike-slip at each patch as the only free parameters, and apply the Green's functions approach to forward and inverse calculations. Practically, for forward source modeling, this approach was realized in the so-called Rupture Generator (RuptGen) described in the next section.
Rupture Generator (RuptGen)
RuptGen is a GITEWS source modeling software tool that calculates static sea-floor and GPS displacements resulting from co-seismic slip along the subduction zone plate interface. Flexible input of rupture parameters allows various source models, from quick fully automatic "magnitude/location" model to advanced user-specified slip distribution models. Program output includes gridded surface dislocations, displacement vectors at predefined positions ("GPS-mode") or direct output onto TsunAWI (GITEWS operational tsunami wave propagation code) non-structured grid for later tsunami propagation simulation ("TsunAWImode").
RuptGen employs the concept of patches (sub-faults) at the subduction plate interface. The plate interface between the subducting Indian-Australian and the upper Sunda plate is discretized into a regular mesh of rectangular patches (Fig. 2) ranging from 0 to 100 km depth. The mesh follows the geometry of the plate interface as derived from the RUM model by Gudmundsson and Sambridge (1998) additionally checked against the earthquake relocation results by Engdahl et al. (2007) in the northern part. Discretization of the plate geometry is stored in a special plate interface description file. In the current version the mesh consists of 25 × 150 patches with dimensions of approximately 40 × 15 km. Each patch represents a rectangular fault plane of known geometry and position. Three components of the surface deformation (longitudinal, latitudinal and vertical displacements) due to the unit dip-and strike-slip are pre-computed for each patch and Gudmundsson and Sambridge (1998) . Also shown is initial wave and horizontal surface displacements for a M w = 8.4 scenario from the GITEWS scenario databank. stored in a databank of patches Green's functions. Using this databank of Green's functions, sea-floor deformation can be easily calculated for any earthquake scenario with given slip distribution.
Present dislocation Green's functions are calculated using EDGRN/EDCMP software (Wang et al., 2003) for the IASP91 1D layered Earth model (Kennett and Engdahl, 1991) . RuptGen is, however, absolutely flexible in choice of elastic dislocation models. Patches Green's functions can be alternatively calculated using, e.g., homogeneous half-space Okada (1985) or fully 3-D finite element models (not yet implemented).
RuptGen can operate in two different modes: "automatic" and "manual". In the automatic mode RuptGen receives only primary seismic data (epicenter and magnitude) and automatically builds a fault model with a regular slip distribution to provide a simple but adequate solution to initiate tsunami propagation. In particular, RuptGen assumes constant rake angle for the whole rupture (90 • , pure dip-slip) and employs empirical scaling laws to calculate rupture dimensions and effective co-seismic slip. Please note, that 3-D geometry of the tsunamigenic plate interface and, hence, dip and strike angles as well as depth at each longitude/latitude position are predefined by the discretization model (see above).
Taking into account that rupture dimensions can be estimated from moment magnitude using empirical scaling laws, effective co-seismic slip can be estimated from the relation:
where M 0 is seismic moment and M w = 2/3 (lgM 0 − 9.1), L is rupture length, W is rupture width, U is slip and µ is shear modulus of the ruptured media. To calculate rupture dimensions from the moment magnitude, RuptGen employs two empirical scaling laws: either relations by Wells and Coppersmith (1994) for reverse faults, or, alternatively, socalled Okal's relation which postulates L = 2W combined with the Wells and Coppersmith (1994) scaling law for the rupture area. After estimating rupture dimensions and effective (average) co-seismic slip, RuptGen starts to build a finite fault model by positioning the rupture onto the plate interface discretized into patches and by applying corresponding slip shape function. Currently available slip shape functions include: (a) uniform slip, (b) Gaussian symmetrical in both directions and (3) asymmetrical crack model with a smooth closure condition along width (Freund and Barnett, 1976; Geist and Dmowska, 1999) combined with variable linear tapering along length.
Result of these manipulations is a list of ruptured patches with amount of slip at each patch. After that, Green's dislocation functions for each patch are linearly combined to give the resulting three component surface deformation (Fig. 2) .
In the second, manual mode, user can directly specify any slip distribution to simulate complex heterogeneous finite fault models. For example, teleseismic inversions of large tsunamigenic earthquakes can be interpolated into RuptGen to simulate historical events.
Implication of RuptGen for scenario generation

Providing sources for the GITEWS tsunami repository
GITEWS operational forecasting is based on the databank of pre-computed tsunami scenarios. Four different sensor systems -seismic, GPS, deep ocean buoys which combine a GPS buoy with a bottom pressure unit (OBU), and, finally, coastal tide gauges -deliver real-time observations to the Tsunami Service Bus (TSB) (Fleischer et al., 2010) . After initial proof and pre-processing of sensor data, TSB delivers them to the Decision Support System (DSS) (Steinmetz et al., 2010) , which, in turn, asks the Simulation Module (SIM) (Behrens et al., 2010) to match observations to pre-computed tsunami scenarios. Scenarios, which best fit the data, are considered to represent the current situation off-shore and are used for the forecasting. It is worth to note that the DSS does not take a single "best-fit" scenario but takes care of all possible data uncertainties and databank assumptions and builds an aggregated best-match scenario from a list of top-matches. Presently, the databank includes about 2000 scenarios along the Sunda subduction zone plate interface with epicenters lying in centers of RuptGen patches (Fig. 2) , i.e., some 30 km apart and magnitudes ranging from 7.5 to 9.0. Despite RuptGen can model any slip distribution, there are no reasons to assume some complex non-symmetric slip distribution for regular databank scenarios. Standard scenario in the tsunami repository assumes a rupture model with following characteristics:
-width and length follow the scaling laws by Wells and Coppersmith (1994) ,
-epicenter coincides with the geometrical center of the rupture,
-slip distribution has a symmetrical bell-shaped (Gaussian) form with maximum at the epicenter, -effective slip is calculated from Eq. (1) assuming shear modulus µ = 3.5 × 10 10 Pa.
Example scenario surface displacements corresponding to an M w = 8.4 earthquake are shown in Fig. 2 . Additionally to wave propagation, GITEWS simulation databank contains also vertical and horizontal co-seismic static surface displacements for the later matching with realtime GPS observations.
Source models for historical events
Historical events are valuable natural benchmarks for testing of new models and algorithms. To calculate databank scenarios, we employed RuptGen in the automatic mode. In contrast, historical events with their known slip distribution should be usually modeled in the manual mode. In the following two models, slip distribution implied on input to RuptGen comes from inversion of co-seismic GPS observations (see more about inversion in Sect. 5). Figure 3 presents slip reconstruction for the two historical events off Sumatra: the great December 2004 M w = 9.1 Sumatra-Andaman earthquake (Fig. 3a) and following Nias event of March 2005 with M w = 8.6 ( Fig. 3b) .
Slip distribution for the December 2004 event comes from the GPS inversion by Hoechner et al. (2008) . See this paper for more details on inversion procedure and sources of data. An independent check for the quality of resulting source model is provided by the comparison of the computed tsunami wave propagation with the direct satellite observations by the Jason-1 mission (see inlet on Fig. 3a) .
Slip distribution for the Nias March 2005 earthquake is less heterogeneous (Fig. 3b) showing the two regions of larger slip under the islands. Note very good correspondence between calculated and observed GPS-displacements (Konca et al., 2007) .
Recent 30 September 2009 Padang M w = 7.5 earthquake took place when GITEWS Decision Support System was already running in Jakarta in test mode. We had a possibility to check our forecasting and warning procedures. It was even more intriguing since this earthquake was not a classical subduction zone event, which was expected to take place in the region of Padang after the Nias 2005 and Bengkulu 2007 events. Expected was a shallow-dipping thrust interplate event with strike parallel to the trench. Exactly such kind of events are pre-computed and stored in the GITEWS scenario database (Sect. 4.1). In reality, the earthquake of 30 September did not rupture the plate interface, instead, it was an intraplate event inside the subducting slab with much steeper dip angle (>50 • ) and strike angle almost perpendicular to the trench (USGS, 2009) . Events with such focal mechanisms are extremely rare in this region, which brought additional challenge to the GITEWS Decision Support System (DSS).
The Earthquake took place at 10:16:09 UTC. Five minutes after that, at 10:21:00 UTC, DSS had only primary seismic data for matching: position of the epicenter and magnitude value of 8.0. Simulation module (SIM) matched these data to the pre-computed scenario which forecasted about 2-3 m tsunami wave in the city of Padang. Actually, such forecast would lead to a false warning, since in reality observed wave height in Padang did not exceed 40 cm. The discrepancy is attributed to the difference between real rupture parameters, from one side, and that known to the DSS (magnitude estimate) and assumed by source modeling (focal mechanism, depth, geometry), from another side. We performed analysis of which parameters are responsible for the potential false alarm.
1. Focal mechanism. As noted above, the focal mechanism of the Padang earthquake was very unusual, with almost 90-degree rotated strike and much steeper dip compared to the "classical" subduction zone earthquake comprising the scenario databank. Our hindcast modeling showed that focal mechanism did not play any significant role in this case. "Classical" subduction zone effect of the same magnitude at the same position would give approximately the same minor runup in Padang.
2. Hypocenter depth. Finally reported CMT depth is about 80 km (intra-slab event) in contrast to the 60 km scenario hypocenter depth. Again, hindcast modeling showed that the 20 km depth difference could not account for somewhat significant runup difference.
3. Magnitude value. CMT value derived some hours after the event is M w = 7.5. At 10:21:00 UTC DSS operated with a SeisComP3 value of M w = 8.0 (later on this value was reduced to 7.7). And that was exactly the reason for the overestimation of the tsunami threat. Scenario models with M w = 7.5 magnitude predict no tsunami threat even if assuming "classical" focal mechanism and/or shallower depth of 60 km.
In the introduction we noted that near real-time GPS data may be a very valuable addition to the seismic information in order to better constrain source parameters in a few minutes after an event. The earthquake on 30 September proved that once again. The indonesian GPS-station in Padang operated by the National Coordination Agency for Surveys and Mapping (BAKOSURTANAL) did not show any notable coseismic displacement (C. Falck, personal communication) . In contrast, the M w = 8.0 scenario, selected by matching to seismic data only, would have implied about 50 cm of horizontal displacement. Had GPS data been available to the Decision Support System 5 min after the earthquake, the above Figure 4 . Implication of the process modeling for the testing of the GITEWS core software components: Tsunami Service Bus (see also Fleischer et al., 2010) , Decision Support System (Steinmetz et al., 2010) and Simulation Module. The system is being detached from real physical sensors and being feeded by pre-computed scenario datasets at different sensor types.
-24 -605 Fig. 4 . Implication of the process modeling for the testing of the GITEWS core software components: Tsunami Service Bus (see also Fleischer et al., 2010) , Decision Support System (Steinmetz et al., 2010) and Simulation Module. The system is being detached from real physical sensors and being feeded by pre-computed scenario datasets of different sensor types.
scenario, which overestimated tsunami hazard, could have been rejected by the matching procedure.
Modeling of hypothetical future events for testing and training
Together with historical events, fully synthetic hypothetical scenarios provide a valuable basis for tuning and testing of the GITEWS components as well as for teaching and training of the future warning center personnel. Moreover, historical records, while being of highest priority, nevertheless, cannot provide all necessary data for the extensive system verification and validation. Data are sparse and irregular, some sensor types like deep ocean buoys were not available in the Indonesian region till recently. Continuous near real-time GPS were not employed for the early warning elsewhere. Due to the same reasons, historical events are not the best scenarios for teaching and training of the warning center personnel. In this respect, synthetic scenarios, which provide all possible coherent sensor data to the same event, appear to be the best candidates for testing and training.
In GITEWS we developed a so-called Scenario Library consisting of a number of fully synthetic scenarios containing modeled sensor signals stored in natural sensor formats. Scenarios from this library can be any time played back on input to the GITEWS software units (Fig. 4) . The latter does not actually realize if incoming data come from real or from virtual world.
Synthetic scenarios are fully under control of their developers. That makes them an ideal toolkit to simulate all possible situations which may realize in later operational work.
Towards more reliable source inversion with near real-time GPS data
As noted before, one of the goals of the source modeling unit of GITEWS is fast inversion of near real-time GPS data. Incorporation of GPS data in addition to seismic information can strongly increase the quality of the tsunami forecasting in the near-field (Sobolev et al., 2006 (Sobolev et al., , 2007 providing more information on source parameters in a few minutes on an event (see also Sect. 1). Real-time GPS data were not previously employed in the tsunami early warning. Rapid progress of the GPS processing technique during the last decade makes near real-time GPS observations a valuable component of future tsunami warning systems. Blewitt et al. (2006) showed that even far-field GPS data can be used to correctly determine the magnitude and some information about the geometric pattern for a large earthquake in nearly real time. Simultaneously, Sobolev et al. (2007) studied the possibility of near realtime magnitude determination and slip inversion based on near-and middle-range GPS observations during the great Sumatra-Andaman earthquake. The two historical rupture models presented in Fig. 3 are results of direct inversions of GPS observations into slip distribution.
GPS inversion into slip distribution, while exploiting the linearity of surface deformation relatively to the amount of slip, still remains a numerically challenging task (Hoechner et al., 2008) . An alternative way is the inversion with the help of pre-computed source models (database matching), such as scenarios from the GITEWS database. In the present section we want to assess the feasibility and possible benefit from performing a direct slip inversion as compared to selecting a pre-computed scenario for tsunami early warning.
To this purpose we consider an extreme earthquake in terms of slip distribution, with slip concentrating at the starting and the ending side of the rupture (approximately offshore Padang and Bengkulu). This scenario with heterogeneous slip and M w = 8.62 (forward model) is shown in the leftmost column of Fig. 5 . Azimuth of slip vectors is 210 • .
We then generate a dataset of synthetic ruptures in magnitude steps of 0.2 and epicenters spaced every 25 km perpendicular and 80 km parallel to the trench. All ruptures have rake angles equal to 90 • (pure dip-slip). Further on, we will compare our forward model to different matching schemes.
The second column in Fig. 5 shows the scenario selected from the dataset using seismic parameters as matching criteria only: epicenter (yellow star) and magnitude. The next column presents matching based on GPS data. "GPSobservations" were generated from the forward model by applying random noise of 5 cm horizontal and 10 cm vertical amplitude. Spatial distribution of GPS stations corresponds to the ideal "GPS shield" configuration as described in Sobolev et al. (2007) . The fourth column corresponds to the joint matching of GPS and seismic data.
Inversions presented in columns 2 to 4 were made by matching "observations" with pre-computed scenarios from the dataset. In contrast, the last column in Fig. 5 presents results of direct inversion of "GPS-observations" into the slip distribution at the patches. The direct inversion procedure minimizes GPS misfit between forward model and inversion using smoothing and boundary constraints for slip and rake angle as described by Hoechner et al. (2008) .
Since all source models are, in end-effect, interesting relative to their tsunamigenic potential, we calculated corresponding tsunamis at the Sumatran coast. Figure 6 shows synthetic tide gauge time series at three selected sites. It is clear that the seismic match (second column on Fig. 5) is not a good choice for such a unilateral rupture, -predicted maximum wave height at Bengkulu is about 2 times too high while prediction for Padang is about 6 times too low and 40 min too late. The two GPS-matches capture well the extent of the rupture. The GPS-only match significantly underpredicts wave heights, while joint GPS + seismic inversion results in quite good predictions for Padang and Bengkulu. At the same time, prediction at Muko Muko is about twice as high, since there are no earthquakes with heterogeneous slip distribution in the scenario dataset. -26 - Fig. 6 . Mareograms at the three tide gauges (for location see Fig. 5 ) for the different inversion methods.
Direct slip inversion was able to reconstruct the two separated slip maxima (Fig. 5, rightmost column) , and the general agreement at the tide gauges is good, though there is significant underprediction at Bengkulu (Fig. 6) . The reason therefore is that the southern patch of larger slip in the inverted model (rightmost column on Fig. 5 ) is shifted some 50 km north relative to the forward model (leftmost column on Fig. 5 ). Due to the extreme sensitivity to location (effect of the Mentawai islands), this shift is enough to get markedly smaller runup in Bengkulu. This observation illustrates, first of all, again that the near-field early warning crucially depends on source parameters (Geist, 2002) , and, hence, on quality of source inversion.
Present modeling shows that direct inversion of GPS observations into slip distribution requires further studies and optimizations. Numerical analysis constrained by (rare) real observations seems to be an appropriate strategy for such studies. Direct slip inversion has many advantages coming, first of all, from its flexibility and absence of any preconstrained slip distributions. On the other hand, direct inversion can be tricky and needs extensive calibration for each particular GPS-constellation, and, hence, costs time and expertise. To provide reliable source inversion, one needs a very good station coverage. For example, an additional GPSstation south of Bengkulu might have helped to better resolve the southern end of the rupture.
Matching into pre-computed scenarios seems to be a reasonable alternative, especially when station coverage is far from ideal. The main advantage here is that such an inversion is numerically stable even with only a small number of observations and will always result in a physically credible source model, because we do not invert into slip on individual patches, but use already physically reasonable scenarios from the databank. The main disadvantage is that scenarios in the databank have some pre-defined slip distribution, so we would not be able to get real slip distribution. Actually, what we invert for is the position of the earthquake centroid and magnitude. Of course, matching with a single scenario could not be optimal for ruptures with strongly heterogeneous slip distribution, like in the example above. A perspective way to deal with such complex ruptures may be matching with linear combination of two or more databank scenarios simultaneously. That is, after matching to a single scenario, one may try to further reduce the GPS-mismatch by combining any two closely located scenarios with variable weights.
A very important issue is a forecast uncertainty which is generally a complex product of model and observation uncertainties. Model uncertainties include, e.g., megathrust geometry, limitations of dislocation model employed, material parameters. Figure 3 demonstrates that our source model is able to reproduce real observations for large events pretty well. We need, however, much more case studies, especially for smaller events, with lower signal-to-noise ratio.
If pre-computed scenarios are used for the source inversion, then other important model uncertainties come from the discreteness of the data-bank population and from imposed models of slip distribution. Figure 5 illustrates the effect of discreteness: compare, for example, the two precomputing scenarios, columns 3 and 4, which are close to each other by location (∼50 km) and magnitude (0.2 M w ) but predict significantly different wave heights (see also Fig. 6 , blue and green lines). Sensitivity analysis is required in each particular case to derive the necessary population density for the databank of pre-computed scenarios.
As to the observation uncertainty, one should recall at least the uncertainty in M w . In the GITEWS Project, with its dense broadband station distribution, this uncertainty is estimated to be ± 0.3 magnitude units during the first 5 to 10 min after an earthquake. In the early warning process, this uncertainty would be usually treated in a worst-case sense thus leading to the significant over-estimation of the source (compare to the previous paragraph), if not additionally constrained by other observations like near real-time GPS (see Behrens et al. (2010) for more information about multi-sensor inversion approach in GITEWS). Detailed analysis on the quality of forecast with near-real time GPS lies out of the scope of the present paper and will be addressed elsewhere.
In the present paper we presented the GITEWS approach to the source modeling for the tsunami early warning in Indonesia. Near-field tsunami poses strict requirements to both warning time and details of source characterization. To meet these requirements we try to employ as much geophysical and geological information as possible in order to pre-define maximum number of rupture parameters. We discretize the tsunamigenic Sunda plate interface into an ordered grid of patches and employ the concept of Green's functions for forward and inverse rupture modeling. Amount of dip-and strike-slip at the patches are the only free parameters in our source models.
Our forward modeling tool, Rupture Generator, additionally employs different scaling laws and slip shape functions to construct physically reasonable source models from basic seismic information only, namely, from magnitude and epicenter location.
GITEWS runs a library of semi-and fully synthetic scenarios to be extensively employed by system testing as well as by teaching and training activities in the warning center. Synthetic scenarios are probably the only way to get a physically coherent image of an event (earthquake plus tsunami) at different sensor types including land-(seismic, GPS) and ocean-based sensors (bottom pressure units, floating GPS buoys, coastal tide gauges).
Near real-time GPS observations are a very valuable complement to the local tsunami warning system. Their inversion provides quick (within a few minutes on an event) estimation of the earthquake magnitude, centroid location and, given sufficient station coverage, details of slip distribution. GPS data can be inverted either into pre-computed source models, or directly into slip distribution at the patches. The latter approach provides more reliable source models, especially for large events with heterogeneous slip distribution, but requires a very good station coverage. Both inversion approaches require further efforts in development of methodology and fast numerical solutions as well as extensive testing and calibration at particular locations. Numerical rupture models, as developed in the present study, seem to provide an appropriate background for such studies.
